The application of dynamic models to report changes in soil organic carbon (SOC) stocks, for example as part of greenhouse gas inventories, is becoming increasingly important. Most of these models rely on input data from harvest residues or decaying plant parts and also organic fertilizer, together referred to as soil carbon inputs (C). The soil C inputs from plants are derived from measured agricultural yields using allometric equations. Here we compared the results of five previously published equations. Our goal was to test whether the choice of method is critical for modelling soil C and if so, which of these equations is most suitable for Swiss conditions. For this purpose we used the five equations to calculate soil C inputs based on yield data from a Swiss long-term cropping experiment. Estimated annual soil C inputs from various crops were averaged from 28 years and four fertilizer treatments; the average was 3.6 Mg C ha −1 and covered a surprisingly large range from 2.1 to 5.3 Mg C ha −1 year −1 among the five equations. For single crop species, differences reached 6.6 Mg C ha −1 year −1 . The variation between estimated soil C inputs depended on crop type and increased with yield. Simulations with the model C-TOOL showed that calculated SOC stocks were affected strongly by the choice of the allometric equation. With four equations, a decrease in SOC stocks was simulated, whereas with one equation there was no change. This considerable uncertainty in modelled soil C is attributable solely to the allometric equation used to estimate the soil C input. We identify the evaluation and selection of allometric equations and associated coefficients as critical steps when setting up a model-based soil C inventory for agricultural systems.
Summary
The application of dynamic models to report changes in soil organic carbon (SOC) stocks, for example as part of greenhouse gas inventories, is becoming increasingly important. Most of these models rely on input data from harvest residues or decaying plant parts and also organic fertilizer, together referred to as soil carbon inputs (C). The soil C inputs from plants are derived from measured agricultural yields using allometric equations. Here we compared the results of five previously published equations. Our goal was to test whether the choice of method is critical for modelling soil C and if so, which of these equations is most suitable for Swiss conditions. For this purpose we used the five equations to calculate soil C inputs based on yield data from a Swiss long-term cropping experiment. Estimated annual soil C inputs from various crops were averaged from 28 years and four fertilizer treatments; the average was 3.6 Mg C ha −1 and covered a surprisingly large range from 2.1 to 5.3 Mg C ha −1 year −1 among the five equations. For single crop species, differences reached 6.6 Mg C ha −1 year −1 . The variation between estimated soil C inputs depended on crop type and increased with yield. Simulations with the model C-TOOL showed that calculated SOC stocks were affected strongly by the choice of the allometric equation. With four equations, a decrease in SOC stocks was simulated, whereas with one equation there was no change. This considerable uncertainty in modelled soil C is attributable solely to the allometric equation used to estimate the soil C input. We identify the evaluation and selection of allometric equations and associated coefficients as critical steps when setting up a model-based soil C inventory for agricultural systems.
Introduction
Agricultural soil stores vast amounts of organic carbon (C) and can be an important sink or source of C (Lal, 2003) . Therefore, changes in soil organic C (SOC) stocks have to be reported in national greenhouse gas (GHG) inventories under the United Nations Framework Convention on Climate Change (UNFCCC). For monitoring C stocks, the UNFCCC encourages the use of more complex methods (so called Tier 3 approaches), such as repeated soil inventories or applications of dynamic soil C models. Most models that have been used for national GHG inventories (e.g. RothC (Coleman et al., 1997) , C-TOOL (Taghizadeh-Toosi et al., 2014) or Yasso07 (Liski et al., 2005) ) rely on soil C inputs from plant residues (e.g. from remaining straw, decaying roots and rhizodeposits) as input data. These are calculated with allometric equations that relate measured crop yields to soil C inputs and are often independent of the model. Such equations are not necessary to estimate C inputs from organic fertilizer such as slurry or farmyard manure, and simple conversion coefficients are used. Therefore, throughout the rest of the paper, we focus on soil C inputs from plants only.
Although some of the soil C models mentioned have been integrated into Earth system models (ESMs, Collins et al., 2011) , allometric equations within the latter are not discussed any further here. The ESMs typically simulate vegetation and thus relate the soil C inputs to plant biomass and not yields. Furthermore, ESMs usually do not distinguish between different crop types, but simulate them as C3 and C4 grasses (Gerber et al., 2013) .
Among the few countries that apply a soil model for the national inventory, most have developed their own equations to calculate soil C inputs (Australia and Sweden), use national coefficients in combination with a published equation (e.g. Finland uses an equation by Bolinder et al., 2007 (see also below)) or use measured plant residues (Denmark).
In Switzerland, a model-based carbon inventory for agricultural mineral soil is currently being established (Köck et al., 2013) . As part of this project, we assessed five different allometric equations together with their coefficients that are used to estimate the amount of soil C inputs from, for example, harvest residues based on the measured crop or grass yields. In the present study, we evaluated the equations for a Swiss experiment on arable land, but the equations have been developed for agricultural systems in general. We show here that the soil C inputs calculated vary greatly between these equations. Further, we used the model C-TOOL to simulate a Swiss long-term trial and demonstrate that these different inputs result in considerable uncertainty in soil C estimates. Until now, uncertainty analysis in soil C modelling has typically focused on comparing either whole models, different model structures or model parameters (Wutzler & Reichstein, 2013; Luo et al., 2015; Menichetti et al., 2016) . To our knowledge the use of different allometric equations has not been assessed systematically and we did not find any information related to soil C input uncertainties in national inventory reports.
Materials and methods

Allometric equations
The five allometric equations compared in this study are referred to as Bolinder (Bolinder et al., 2007) , CCB (Franko et al., 2011 ), C-TOOL (Taghizadeh-Toosi et al., 2014 , ICBM (Andrén et al., 2004) and IPCC (IPCC, 2006) (Supporting Information). The C-TOOL and ICBM equations were selected because they are used in national inventories (Denmark and Sweden). The Bolinder equation will be used in future for the Swedish inventory (M. Bolinder, personal communication) and has been widely used in other studies. The CCB equation was tested because it is an integral part of the CCB model, which was selected as a potential model for the Swiss inventory (Köck et al., 2013) . Finally, the default IPCC method, as described in the guidelines for national inventories to calculate crop residue N, was selected and modified to estimate C residues (IPCC, 2006) .
All equations describe the amount of C that is returned to the soil in relation to the yield (e.g. in Mg ha −1 ). They were published together with a suite of crop-specific coefficients (Supporting Information) that enable soil C inputs to be estimated for individual species or crop classes such as small-grain cereals. Typically, the allometric equations include a conversion from dry matter to C units and a factor that relates the yield to the amount of above-and belowground plant material remaining in the field (e.g. straw, roots and rhizodeposition). In the following sections, we describe each of these equations in more detail.
Bolinder equation. Bolinder et al. (2007) derived the following equation from a review of data from Canadian agroecosystems to calculate C i , the total amount of C returned to the soil (i.e. C input, Appendix 1):
where C P is the amount of plant C in the main agricultural product, C S is aboveground C in by-products (e.g. straw, haulm, etc.), stubble and other aboveground post-harvest residues, C R is C in root tissue, C E is C in extra-root material, including rhizodeposition, and S is the proportion of each fraction that is returned to soil (S P , S S , S R , S E ). The C P is calculated from the dry matter yield (Y DM ) and the C concentration (CC), which is assumed to be 0.45 kg kg −1 for all plant parts (here, and in all other equations, except if noted otherwise):
The other C fractions are calculated as follows:
and
where R is the ratio of the respective C fraction to net primary productivity (NPP), e.g. R P = C P /NPP. Coefficients of plant-specific C allocation for common agricultural crops in Canada are given in Tables S1 and S2, Supporting Information. Values for the proportion of C in a given fraction that is returned to soil under different assumptions are provided in Table  S3 , Supporting Information.
Studies published after 1970 only were considered in developing the equation. Most of these studies were carried out in Canada and some in the USA. The soils studied had a range of different textures (e.g. clay, silt loam and fine sandy loam). Both the mean annual temperature and precipitation were lower at the North American sites than at the Swiss site we study here.
The CCB equation. An equation to calculate soil C inputs is described as part of the Candy carbon balance (CCB) model (Franko et al., 2011) . The model considers above-and belowground C inputs to the soil from crops in the form of by-products that are not harvested and crop residues such as roots and stubble (Franko et al., 2011) . The amount of by-product, Y Fbp , is estimated from fresh matter yield (Y F ) and a crop-specific fraction of the by-product F bp . Note that in the original description of this equation, F bp is referred to as harvest index (HI) .
Because the yield data from the long-term field trial used in this study were measured as dry matter, we used published reference values for Switzerland to convert them to fresh matter (Walther et al., 2001) . The corresponding C input of the by-product, C ibp , is calculated using the dry matter content, DM bp , and the C content in dry matter, CC bp :
Calculation of the second source of C input from crops as crop residues (C ires ) such as roots and stubble also uses crop yield (Y F ) and several coefficients listed in Table S4 , Supporting Information. First, the residual nitrogen pool (N res ) is estimated, with the amount of N in crop residues that depends on yield (F res ), the N content (N cont ) and the amount of N in crop residues that is independent of yield (K res ). Second, the corresponding amount of C in the crop residues, C ires , is determined from the crop-specific C/N ratio:
For grasslands, the CCB equation assumes constant C inputs: for grass-clover 2.51 Mg C ha −1 (2.82 if scaled to 1-m depth, see below) and for field grass (grass mixture without legume species) 2.80 Mg C ha −1 . For simulations with the model C-TOOL (see below), C inputs from above-and below-ground residues need to be distinguished. Because C ires includes stubble and root residues, this pool had to be subdivided. With the original data from Klimanek (1997) that were used to develop the CCB equation, we estimated that the fraction of belowground residues from C ires was 59% for the crop types studied here. The rest was allocated to aboveground and was added to C ibp .
The CCB equation is based mainly on data from the former German Democratic Republic (Klimanek 1997) . The mean annual precipitation of sites included in that study is lower than at the Swiss site used here, but mean annual temperature is similar. About ten data sources per crop type were available.
The C-TOOL equation. An equation to calculate C inputs is described in Taghizadeh-Toosi et al. (2014) as part of the C-TOOL model. The amount of C in dry matter yield of the main product is:
The aboveground carbon in crop residues, C S , depends on the HI (Table S5 , Supporting Information); it is calculated as shown below if there is one crop product only (e.g. grain corn) or if the secondary product (e.g. straw that is sold for bedding) is not harvested:
If the secondary product is harvested, an expanded form of the equation is used:
where F S is the biomass of the secondary product as a proportion of the main product yield and F SH is the proportion of the secondary product that is harvested and is set to 0.5. Belowground C input from roots and rhizodeposition, C iRE , is calculated as:
where F RE is root and rhizodeposition C (belowground C) as a proportion of total C assimilation (Table S5 , Supporting Information).
The C-TOOL model has a topsoil (0-0.25 m) and a subsoil layer (0.25-1 m) to which C inputs are distributed as follows:
where F top is the proportion of belowground C deposited in the topsoil and is set to 0.7 for winter crops, 0.8 for spring crops and 0.9 for pastures and set-aside grassland. For fertilized, set-aside and permanent grassland, as well as for catch crops, constant C inputs are assumed (Table S6 , Supporting Information). Data used to develop the equation were mainly from Denmark, Sweden, the UK and Germany. Climatic conditions are similar to the Swiss site.
The ICBM equation. The calculation of C input to the soil in the ICBM model (Andrén et al., 2004 ) is based on a study by Kuzyakov & Domanski (2000) :
where C i is the total C input by straw (str), residues (res) and roots (root). Coefficients a (Mg C ha −1 ) and s (unitless) are specific for each C input fraction and differ between crop types (Table  S7 , Supporting Information). For seed leys, this equation uses a constant C input to the soil of 4.15 Mg C ha −1 . The data used to derive the allometric equation are from Kuzyakov & Domanski (2000) , whose review includes studies from the Netherlands, Sweden and Australia. Climatic conditions are similar for European data sources, but differ for Australia.
The IPCC equation. The guidelines of the Intergovernmental
Panel on Climate Change for national GHG inventories (IPCC, 2006) provide equations to calculate crop residue N. Here we use these equations to calculate C returned to soil by substituting N contents in the original equations with C contents and by omitting the effect of residue burning. The total C input to the soil is:
where AG DM is the aboveground dry matter residue, F Rem the fraction of aboveground residue of crop removed annually (here set to 1 for all crop types except beetroot, white cabbage, soya beans and potato, for which F Rem is set to 0) and the ratio of belowground residues to aboveground biomass is R BG . The aboveground residue dry matter, AG DM (Mg ha −1 ), is calculated from dry matter yield, Y DM (Mg ha −1 ), as:
where a and s are a crop-specific intercept and slope, respectively (Table S8 , Supporting Information). The equation is based on references from the entire 20 th century (the oldest is from 1907). Most studies were carried out in the USA.
Scaling of belowground inputs to specific soil depth
The five allometric equations compared here estimate belowground C inputs to varying depths (0.2-1 m), and so the results cannot be compared directly. Therefore, we scaled all the belowground C inputs to the same depth of 1 m. This means that belowground C inputs are increased by a scaling factor if any method was developed for a depth less than 1 m. We chose this depth because the model C-TOOL requires soil C input data for the upper 1 m of the soil profile. In addition, the allocation of C to the upper and lower soil layers has to be defined (i.e. the distribution within the profile) as described below (section on C-TOOL model).
Root distribution with depth can be described with an asymptotic equation that has the general form (Gale & Grigal, 1987) :
where RF is the cumulative root fraction from the soil surface to a certain depth (cm) and is a biome-specific parameter (0.961 for crops, 0.943 for grassland (Jackson et al., 1996) ). Based on this equation we calculate a scaling factor, SF, for belowground C inputs:
with depth equal to 100 cm and depthAllomEq the depth for each specific allometric equation (Bolinder, 40 cm for crops, 20 cm for grassland; CCB, 30 cm for crops and grassland; C-TOOL, 100 cm for crops and grassland; ICBM, 25 cm for crops and grassland; IPCC, 30 cm for crops and grassland). Soil C inputs from roots or rhizodeposition were multiplied by this scaling factor (see the calculated example in the Supporting Information), and all data presented in this study refer to the 0-100-cm depth.
The DOK field trial
To evaluate the five allometric equations, we calculated soil C inputs for a long-term field trial in Therwil, Switzerland (7 ∘ 33 ′ E, 47 ∘ 30 ′ N) located at about 300 m above sea level. The site receives a mean annual precipitation of 842 mm and the mean annual temperature is 10.5 ∘ C (observation period 1981-2010). The soil is a Haplic Luvisol on alluvial loess (texture: clay 16, silt 72 and sand 12%). The DOK experiment (bio-dynamic, bio-organic and conventional) was started in 1978 and compares four different management systems that are applied to identical crop rotations (Mäder et al., 2002; Fließbach et al., 2007) . The two organic farming systems (BIODYN and BIOORG) were fertilized with farmyard manure (FYM) and slurry. One conventional system was fertilized with the same amount of FYM as the organic systems and, in addition, with mineral fertilizers (CONFYM). The other conventional system was amended with mineral fertilizers exclusively (CONMIN, starting in 1985 only). In addition, we studied the unfertilized control (NOFERT). The treatments BIODYN, BIOORG and CONFYM were applied at two fertilization intensities, of which we study the larger one only. The field experiment was designed as a split-split-plot Latin rectangle with four replicates. On each replicated block the same crop rotation was repeated three times, but was started at different times (subplots A, B, C). Here we consider subplots A only. Crop rotations were the same for all plots and included (in order of frequency) grass-clover ley (main species: Poa pratensis L., Lolium perenne L., Festuca pratensis Huds., Dactylis glomerata L., Trifolium repens L. and Trifolium pratense L.), winter wheat (Triticum aestivum L.), winter barley (Hordeum vulgare L.), potato (Solanum tuberosum L.), silage maize (Zea mays L.), soya beans (Glycine max (L.) Merr.) and beetroot (Beta vulgaris L.). Green manure and fodder crops were frequently sown after winter wheat. We include four replicates of five different treatments, a total of 20 plots.
The soil carbon model C-TOOL
The original C-TOOL model was developed by Petersen et al. (2002) . It has been improved and expanded to simulate soil C dynamics in the topsoil (0-0.25 m) and subsoil (0.25-1 m). Here, we use the latest version of the model (2.3; Taghizadeh-Toosi et al., 2014) .
In the C-TOOL model soil organic carbon (SOC) is represented by three pools: fresh organic matter (FOM), humified organic matter (HUM) and C in resistant organic matter (ROM). Carbon inputs from plant residues are added to the soil as FOM. After the belowground inputs derived with the five different allometric equations have been scaled to 1 m (see section above), the soil C input distribution within the 1-m profile needs to be defined. This is necessary because C-TOOL simulates SOC dynamics in two soil layers. For the distribution of belowground C, three groups of crops are distinguished. For winter crops, 70% belowground C is allocated to the top layer, for summer crops 80% and for grasses 90% (Taghizadeh-Toosi et al., 2014) , whereas the rest is allocated to the lower soil layer. Residues from aboveground plant parts are added to the topsoil. With manure application, all C is added to the topsoil, in which a fraction is allocated directly to the HUM pool.
All SOC pools have a characteristic turnover rate that is affected by the soil's clay content and temperature. The turnover of C is described by first-order reaction kinetics. After FOM turnover, part of the C enters the subsoil and another part undergoes humification, the rate of which is affected by clay content of the soil. The C/N ratio of the soil is used to partition SOC between the HUM and the ROM pool initially. The model uses a monthly time step.
Model simulations
We carried out soil carbon simulations for the period 1977-2004 with C-TOOL and the C inputs calculated by the five allometric equations described above separately for each of the 20 plots. For initial conditions, the C/N ratio of the soil was set to 9 (Fließbach et al., 2007) . Because C-TOOL simulates SOC stocks for the 0-0.25-m and 0.25-1-m depths, but measurements are routinely made for the 0-0.2-m depth, the SOC measured initially needs to be scaled up. Based on measurements made in March and July 1998 for the 0-1-m depth on the BIODYN and CONFYM plots, the upper 0.20 m of soil contained about 33% of SOC in the 0-1-m profile (Fliessbach et al., 1999) . Therefore, we extrapolated the initial SOC stock from SOC measured at 0-0.2 to 0-1 m based on the same relation. The clay content varies from 13.4 to 25.7% among plots; therefore, plot-specific values were used for simulations because they affect modelled SOC turnover. In C-TOOL the distribution of C between pools in the upper and lower layers was set to 47 and 53%, respectively, following Batjes (1996) . Because SOC distribution in the model differs slightly from the measurements, we performed a second simulation to test the effect of a larger initial SOC distribution to the topsoil of 37.6% (4/5 of 47%, because 20 cm is 4/5 of 25 cm) rather than 33%. The distribution between soil C pools was FOM = 3.16%, HUM = 48.03% and ROM = 48.81% in topsoil and FOM = 0.30%, HUM = 31.23% and ROM = 68.47% in subsoil (Taghizadeh-Toosi & Olesen, 2016) .
Because the optimized pool distributions were obtained by running the model for 100 years, as described in Taghizadeh-Toosi & Olesen (2016) , it is sufficient to initialize the model by running it for only four pretreatment years. We used the average soil C inputs of 1985-88 of the plots that received mineral fertilizer (CONMIN) because this treatment resembles the management prior to the start of the experiment most closely (Fließbach et al., 2007) . To compare the model output against SOC measurements that were made at 0-0.2-m depth, the simulated SOC for 0-0.25 m was converted to 0-0.2 m by a plot-specific factor. This factor is based on the SOC difference between the two depths assessed in the first year of treatment (i.e. a constant value was used for the entire time series). Not all crop types grown on the DOK site are represented by the different allometric equations (e.g. green rye or white cabbage, Tables S1-S9, Supporting Information). The C inputs of the missing crop types (Bolinder, green rye (GRY) and white cabbage (WC); CCB, soya beans (SO); C-TOOL, GRY, SO; ICBM, GRY, WC, silage maize (SM); IPCC, GRY, WC, SM) are substituted by the mean C input calculated by all other allometric equations available for the same crop type, except for the data for single crops. To make clear which coefficients were used in this study, they are highlighted in bold (Tables S1-S8, Supporting Information).
Within the same treatment (e.g. CONFYM or BIOORG), the C inputs from manure did not differ between the allometric equations. The C inputs from manure are not part of the inputs presented in Figures 1-4 , but are included in the simulations ( Figure 5 ). (CCB) to 5.3 Mg C ha −1 year −1 (C-TOOL) (Figure 1 ). For the entire experimental period of 28 years that we simulated, this amounted to a cumulative difference in input of 89 Mg C ha −1 . Differences between the calculated C inputs depended strongly on the crop type. For leys, the difference between the largest and smallest estimates was 6.6 Mg C ha −1 year −1 , whereas it was 0.36 Mg C ha −1 year −1 only for beetroot (Figure 2 ). We found intermediate differences for barley, wheat and maize. For small grain cereals and leys, the CCB equation gave the smallest C inputs and the C-TOOL equation gave the largest. The ranking for maize was different, with a maximum estimate For the unfertilized control (NOFERT), the difference between allometric equations was 1.9 Mg C ha −1 year −1 and was smaller than for fertilized treatments (Figure 3) . The organic treatment that received FYM only (BIOORG) and had larger yields than NOFERT showed intermediate differences (3.2 Mg C ha −1 year −1 ). For the CONFYM treatment that received both organic and mineral fertilizer, the yields were largest and also the variation in estimated soil C inputs was largest (4.1 Mg C ha −1 year −1 ). The CCB equation had the smallest and the C-TOOL equation had the largest input estimates of all treatments.
Results
Comparison of C inputs
For the five equations, the estimated soil C inputs varied more for above-than for below-ground residues (Figure 4) . The largest aboveground estimate (C-TOOL) was more than six times greater than the smallest one (CCB), whereas the belowground inputs were only twice as large (C-TOOL compared with CCB). 
Effect of C inputs on soil C simulation
To evaluate the effect of these different allometric equations, we simulated the change in soil C for 20 plots of the DOK experiment (four treatments and the unfertilized control) with the calculated C inputs. The model C-TOOL simulated a decrease in soil C for all allometric equations that ranged from −0.1 Mg C ha −1 (C-TOOL) to −6.4 Mg C ha −1 (CCB) for 1977-2004 (Figure 5a ). The measured change in soil C stock of −5.9 ± 1.2 Mg C ha −1 (Leifeld et al., 2009) agreed best with the simulations that used the Bolinder equation to estimate soil C inputs.
The results for the simulation with slightly more initial topsoil SOC are similar, but the C loss is less for all equations and even becomes a slight increase (1.5 Mg C ha −1 ) over the 28 years if the C-TOOL equation is used (Figure 5b) . In contrast to the simulation with the original SOC partitioning to top-and sub-soil, the measured change in stock is closest to the simulation that uses the CCB equation.
Discussion
Evaluation of allometric equations
The comparison of five commonly used allometric equations and associated coefficients to calculate soil C inputs from measured yields showed that there were considerable differences. For the DOK trial, the annual soil C inputs varied by 3.6 Mg C ha
averaged over 28 years and all treatments. For single crop types, the estimated soil C inputs differed even more. Simulations with the model C-TOOL showed that over 28 years these differences translated into a variation of 6.3 Mg C ha −1 in the change of modelled SOC. Our study emphasizes that the evaluation of soil carbon models that rely on plant residues as input data should include an evaluation of the allometric equations applied.
There are several potential explanations for the large differences we found between the estimated soil C inputs:
1 The allometric equations were developed with data from different geographical regions (e.g. Bolinder et al. (2007) mainly used data from Canada, whereas the data for the CCB equation were predominantly from Germany) (Franko et al., 2011) . It is likely, therefore, that the same types of crop produce different amounts of residue material. Different growing conditions may alter inputs; for example studies show site-specific root-to-shoot ratios (Plaza-Bonilla, 2014), and a dependence of belowground C allocation on soil moisture (Palta & Gregory, 1997) or clay content (Nguyen, 2003) . Interestingly, beet was the only crop type that showed a good agreement between the methods. This is possibly because of less variation in growing conditions for beet than wheat (Monfreda et al., 2008) and consequently less variable inputs of plant C to the soil. 2 Different crop varieties have probably been used that do not share the same plant allometry (e.g. Richner, 1992) . Furthermore, allometries might have changed through time because of plant breeding (Subira et al., 2016) . This could be an issue, especially with the IPCC equation because some references were from the early twentieth century.
3 It has been shown that the allocation of belowground C is different for monocultures than for plants grown in mixed stands (Fan et al., 2008) , which is relevant for leys. 4 Assessment of soil C inputs is technically challenging, especially in the case of belowground C, and various methods exist (Kuzyakov & Domanski, 2000) . The use of different methods to estimate C inputs relative to yields could also explain part of the differences we observed. It is well known that the ratio of C allocation to above-compared with below-ground biomass increases during plant development (Gregory & Atwell, 1991) . Differences in timing of the measurement of C allocation could introduce additional variation into the amount of soil C input. 5 The large variation in C inputs for leys might result from differences in the botanical composition. The different terms used to describe leys (ley, grass-clover ley, seed ley, etc.) indicate country-specific fodder crop seed mixtures and could explain part of the variation we identified. 6 The proportion of secondary harvested product was estimated to be 0.5 in the C-TOOL equation; however, it might be different depending on harvesting strategy. 7 The relation between soil C input and yield might depend on the intensity of management, something not considered by any of the equations. At the DOK site, leys were cut four times per year, which is representative for leys in general.
The larger differences in C input between the two fertilized treatments BIOORG and CONFYM compared with the control (NOFERT, Figure 3 ) can partly be explained by the larger yields of the fertilized treatments, which amplified the differences. Another, even more likely, explanation is that C inputs remained small with the CCB equation even for the CONFYM treatment because a constant C input of 2.82 Mg C ha −1 year −1 was used for grass-clover (ley) (i.e. the input did not relate to the measured yield). This interpretation is supported by the fact that the largest difference in C inputs was for plot 12 in a year with ley (12.8 Mg C ha −1 , Table 1 ). Leys have large yields and were frequent components in the crop rotation of the DOK experiment (present in 9 out of 28 years). This leads to a large increase in the total C inputs calculated for the fertilized treatments only when applying the other equations, but not with the CCB equation.
For a given crop type, the dry matter and C content used to convert measured yields to plant C residues were identical for all equations and therefore do not explain any uncertainty between the different estimates. In contrast, the extrapolation of belowground C inputs to an equal depth of 1 m introduces some uncertainty. For the calculated example (File S1) in the Supporting Information, the estimated soil C inputs would be 3-30% less if they had not been scaled with root depth. Not only does the original depth for which the equation was developed matter, but also the fraction of belowground C assumed by the equations (Figure 4) .
One aspect that all equations tested ignore is that plants often change their C allocation in response to N fertilizer application. It is well documented that below-to above-ground C allocation decreases in response to N fertilizer for wheat (Liljeroth et al., The differences between the largest and smallest estimates of C input are given in the last column.
1990), maize (Merckx et al., 1987) and grass species (e.g. Lolium perenne) (Kuzyakov et al., 2001) . Depending on the conditions under which the data used to derive the allometric equations have been acquired, they might not be representative of the growing conditions in some of the DOK treatments. Bolinder et al. (2007) stated that most crops in the studies they considered were fertilized according to local recommendations. For the other equations, the soil nutrient conditions were not specified. The allometric equations evaluated here describe the dependence of soil C inputs on yields based on different sets of coefficients. Because the equations do not have any coefficient in common, it is difficult to identify what causes the observed differences in the estimates of C input. The only common coefficient is the harvest index (HI), which is used by C-TOOL and CCB (in the original description by Franko et al., 2011) . However, we noticed that different definitions were used (C-TOOL defines HI as the ratio of yield to aboveground biomass, whereas in CCB HI is the fraction of yield that is considered to be the by-product). Therefore, we renamed the latter coefficient F bp because the values for the same crop types vary considerably (e.g. for wheat, C-TOOL uses an HI of 0.45, in contrast to 0.8 used by CCB) (Tables S4 and S5, Supporting Information) . Silage maize has an HI of 0.85 in C-TOOL and of zero in CCB. This shows that even for seemingly identical coefficients, the equations differ considerably. Consequently, great care should be taken when attempting to modify an equation.
The allometric equations tested in this study depend only on the crop type and in most cases on the measured yield. This suggests that although they were tested here for a single site only, the uncertainty that we document is independent of the location and would be similar at any other site. For the few cases where fixed C inputs are assumed (e.g. CCB assumes constant inputs for ley), the differences between allometric equations could be smaller or even larger at other sites.
Effect of C input on soil C modelling
Overall, the pattern in mean inputs of soil C estimated from the different allometric equations was reflected in the simulated changes in soil C. This is because of the close link between rates of input of C and soil C stocks in the C-TOOL model (and this type of model in general), which is based on observations from long-term field studies (e.g. Buyanovsky & Wagner, 1998) . The much smaller decrease in soil C that we found for the C-TOOL equation than for the others (Figure 5a ) can be explained mainly by the large inputs of C from leys. We could not find a study that assessed soil C inputs for clover-grass, but for a perennial fertilized Lolium perenne L. (ryegrass) sward in Switzerland, the measured total C input was about 4.5 Mg C ha −1 year −1 (Schneider et al., 2006) , which is less than half of the estimate by the C-TOOL equation (Figure 2) . Because the belowground allocation to soil might be even less in grass-clover (de Neergaard & Gorissen, 2004) , it seems likely that inputs for leys are overestimated by the C-TOOL equation, but that their range is more reasonable for the other allometric equations.
The comparison of simulated and measured soil C stocks is one way to evaluate reliability of the allometric equations. Based on this comparison, our results suggest that the Bolinder equation is the most appropriate to estimate soil C inputs for the DOK site. A direct assessment of the estimated inputs of soil C under local conditions would be a more favourable test because over-or under-estimated C inputs could be compensated for by inadequate decomposition rates and partitioning coefficients in the model C-TOOL, for example, because the model was not calibrated for Swiss conditions. Currently such data are not available for the DOK site.
For models such as C-TOOL that distinguish between soil C inputs from above-and below-ground residues, the allometric equations introduce additional uncertainties by assuming different allocations. For a detailed evaluation of the estimated C inputs, it would be necessary to measure the different sources of soil C inputs separately (i.e. by-products, straw, roots and rhizodeposits). However, the assessment of soil C inputs from rhizodeposition in particular is labour intensive and technically demanding (Kuzyakov & Domanski, 2000) . This explains why few studies have been carried out in the field so far (e.g. Meharg & Killham, 1990) .
Conclusions
The observed differences in estimated soil C inputs from plant residues indicate the need for an equation that is adapted to country-specific agricultural practices and possibly to local crop types and varieties. Ideally, soil C inputs of the most important crops would be assessed under field conditions. The equation used to estimate soil C inputs is identified as a considerable source of uncertainty in soil C modelling. Therefore, the choice of an appropriate allometric equation to derive the soil C input data is a critical step when setting up a model-based soil C inventory.
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C i Total amount C returned to soil (Mg ha −1 ) C P Amount of plant C in main agricultural product (Mg ha −1 ) C S Aboveground C in by-products, stubble and post-harvest residues (Mg ha −1 ) C R C in root tissue (Mg ha −1 ) C E C in extra-root material, including rhizodeposition (Mg ha −1 ) S P Proportion of C P returned to soil S S Proportion of C S returned to soil S R Proportion of C R returned to soil S E Proportion of C E returned to soil Y DM Dry matter yield (Mg ha −1 ) CC C concentration (kg kg −1 ) R P Ratio of C P to net primary productivity (NPP) R S Ratio of C S to NPP R R Ratio of C R to NPP R E Ratio of C E to NPP Y Fbp Amount of by-products as fresh matter (Mg ha −1 ) F bp Fraction of yield that is by-product C ibp C input of by-product (Mg ha −1 ) DM bp Dry matter content of by-products (kg kg −1 ) CC bp C content of by-products (kg kg −1 ) C ires C input from crop residues (Mg ha −1 ) Y F Fresh matter yield (Mg ha −1 ) N res Residual related N pool (kg ha −1 ) F res Yield dependent nitrogen amount of crop residues (kg dt −1 ) K res Yield independent nitrogen amount of crop residues (kg ha −1 ) N cont Nitrogen content (%) F S Biomass of secondary crop product as proportion of main product yield F SH Proportion of secondary product that is harvested HI Harvest index C iRE C input from roots and rhizodeposition (Mg ha −1 ) F RE C iRE as proportion of total C assimilation C top C input to topsoil (0-0.25 m) (Mg ha −1 ) C sub C input to subsoil (0.25-1 m) (Mg ha −1 ) F top Proportion of belowground C deposited in the topsoil a str Intercept to calculate C inputs from straw (Mg C ha −1 ) s str Slope to calculate C inputs from straw a res Intercept to calculate C inputs from residues (Mg C ha −1 ) s res Slope to calculate C inputs from residues a root Intercept to calculate C inputs from roots (Mg C ha −1 ) s root Slope to calculate C inputs from roots AG DM Aboveground residue dry matter (Mg ha −1 ) F Rem Fraction of aboveground residue of crop removed R BG Ratio of belowground residues to aboveground biomass RF Cumulative root fraction from the soil surface down to a certain depth Biome-specific parameter to calculate root distribution with depth SF Scaling factor for belowground C inputs
